Abstract: Poly(ethylene adipate) (PEA) and poly(ethylene dodecanedioate) (PED) with dicarboxy-, dihydroxy-, dimethyl ester-and hydroxy-carboxy end-groups were synthesized and characterized by 13 C NMR and MALDI-TOF MS. Size-exclusion chromatography (SEC) fractions of these polyesters were analyzed by MALDI-TOF MS and used as standards to obtain SEC calibration curves leading to the absolute molar masses of the unfractionated polyesters. PEA and PED calibration curves were different from each other, but the same calibration curve was obtained for each type of polyester, irrespective of the nature of end-groups, showing the predominant role of the nature of repeating units on the hydrodynamic volume of oligoesters. The study also shows that the conventional SEC calibration method using polystyrene standards leads to a significant overestimation of polyester average molar masses.
Introduction
Off-line coupling of SEC and MALDI-TOF mass spectrometry (MS) is now a widely accepted method for determination of the absolute average molar masses of polydisperse polymers [1] [2] [3] [4] [5] [6] . Following this technique, a polydisperse polymer is fractionated by SEC in order to collect fractions with narrow molar mass distribution. These fractions are analyzed by MALDI-TOF MS and used afterwards as SEC standards to obtain the absolute molar masses of initial polymer.
This method has been successfully applied to a number of polymers and especially polyesters: aliphatic polyesters [1, 7] , aliphatic copolyesters [8, 9] and aliphatic-aromatic polyesters or copolyesters, such as poly(butylene terephthalate) [10] , poly-(ethylene terephthalate)-poly(ε-caprolactone) [11] and poly(ethylene terephthalate)-poly(ethylene succinate) [12] . As a general rule, the average molar masses of polyesters and copolyesters are strongly overestimated by the conventional polystyrene SEC calibration. To our best knowledge, there is no SEC/MALDI-TOF MS study discussing the influence of end-groups on the determination of polyester molar masses. As pointed out by Krüger et al. in a SEC study of low-molar-mass aliphatic polyesters using a 'self-calibration' by individual oligomer peaks [13] , this influence can be quite important. This paper is devoted to the SEC/MALDI-TOF MS study of poly(ethylene adipate) (PEA) and poly(ethylene dodecanedioate) (PED) with M n in the 800 -3000 range and with controlled end-groups: dicarboxy, dihydroxy, dimethyl ester and hydroxy-carboxy (Tab. 1).
Tab. 1. Formulae, abbreviations and atom numbering of polyesters
Abbreviation
Formula
Experimental part

Materials
Adipic acid (A), 1,12-dodecanedioic acid (D), dimethyl adipate (DMA), 1,2-ethanediol (E) (Aldrich) and tetrabutoxytitanium (Acros) were used as received.
Synthesis of hydroxy-terminated polyesters PEA-h and PED-h
PEA-h and PED-h were synthesized by polycondensation of 1,2-ethanediol (E) with adipic acid (A) and 1,12-dodecanedioic acid (D) respectively. In the case of PEA-h, 150.00 g (1.026 mol) of A and 191.02 g (3.078 mol) of E (150.03 g (0.651 mol) of D and 121.30 g (1.955 mol) of E in the case of PED-h) were placed in a 500-mL glass reactor equipped with a mechanical stirrer, a nitrogen inlet and a distillation head connected to a condenser and a receiver flask. The reactor was heated to 180°C and temperature was raised gradually to 220°C (3 h) under nitrogen, while water resulting from esterification distilled off. After cooling to 190°C, vacuum (0.03 mbar) was applied and reaction continued for 3 h at this temperature, while excess diol distilled off. 1.51 mL of a 10 wt.-% solution of Ti(OBu) 4 in CH 2 Cl 2 was then slowly added (corresponding to a 0.1 wt.-% Ti(OBu) 4 in reaction medium), and the reaction continued for 3 h at 220°C in vacuum (0.03 mbar). The resulting polymers were analyzed without further purification.
Synthesis of methyl ester-terminated poly(ethylene adipate), PEA-e 400.5 g (2.30 mol) of dimethyl adipate (DMA), 47.68 g (0.76 mol) of E and 3.40 mL of a 10% solution of Ti(OBu) 4 in CH 2 Cl 2 (0.1% mass content with respect to monomer mixture) were placed in the 500-mL glass reactor described above and heated gradually from 180 to 220°C under nitrogen (3.5 h), while methanol released by the reaction distilled off. After cooling to 160°C, vacuum (0.03 mbar) was applied and temperature was raised gradually to 220°C. The reaction was continued for 3.5 h, while excess DMA distilled off. The resulting polymers were analyzed without further purification.
Synthesis of hydroxy-carboxy-terminated poly(ethylene adipate), PEA-ch
150.05 g (1.027 mol) of A and 60.14 g (0.970 mol) of E were placed in the 500-mL glass reactor described above and heated gradually from 180 to 220°C under nitrogen (3 h). After cooling to 160°C, vacuum (0.03 mbar) was applied and temperature was raised gradually to 220°C. Reaction was continued for 3 h, while esterification water distilled off. The resulting polymer was analyzed without further purification.
Synthesis of carboxy-terminated poly(ethylene dodecanedioate), PED-c
The same method as described above was applied, starting from 150.06 g (0.652 mol) of D and 27.40 g (0.442 mol) of E.
Tab. 2. Number-average (M n ) and weight-average (M w ) molecular weights of the various poly(ethylene adipate)s (PEA) and poly(ethylene dodecanedioate)s (PED) 13 C NMR spectra were recorded on a Bruker AC300 spectrometer in CDCl 3 solution. 3 -5 mg Chromium acetylacetonate were added to the solutions in order to homogenize and accelerate carbon relaxation. The spectra were recorded in the inverse gated decoupling mode with a 2-s relaxation delay. Chemical shifts were referenced to CDCl 3 at 77 ppm. Molar masses were determined from the ratio of chain units (-COO- MALDI-TOF MS was performed on a PerSeptive Biosystems Voyager Elite time-offlight mass spectrometer equipped with a nitrogen laser (λ = 337 nm). Spectra were recorded in a reflector or linear delayed extraction mode at an acceleration voltage of 25 kV. 5 µL of THF solution of polymer (2 -5 g/L) + NaI (0.1 g/L) were mixed with 50 µL of the matrix solution (20 g/L of 2,5-dihydroxybenzoic acid in THF). 1 µL of the final solution was deposited onto the stainless steel sample slide and allowed to dry at room temperature. The spectra represent averages of 256 consecutive laser shots. M n and M w of each fraction were calculated from the mass spectra according to the following equations:
Analytical techniques
where I i is the integrated area under each peak and M i the molar mass of the corresponding species.
The SEC equipment consisted of a Rheodyne injector, a Waters 515 pump, a Waters 410 differential refractometer and a semi-preparative ultrastyragel column set (19 mm × 300 mm, 500 + 10 3 + 10 4 Å, particle size: 7 µm). THF was used as eluent (5 mL/min). 200 µL of polymer solution in THF (40 g/L) were injected and the chromatograms were recorded using a Waters Millenium 32 software. Fractions were collected every 15 s (1.25 mL) using a Waters fraction collector. Fraction samples were re-injected in the SEC equipment for molar mass determination. Polystyrene standards (Polymer Laboratories) were used to calibrate the system.
Results and discussion
Syntheses
Low-molar-mass hydroxy-terminated poly(ethylene adipate) (PEA-h) and poly-(ethylene dodecanedioate) (PED-h) were obtained by reacting the corresponding acid with a 3-fold excess of 1,2-ethanediol in the bulk until conversion of carboxylic acid end-groups was complete. Most of the diol excess was then distilled off in vacuum while polycondensation between hydroxyethyl end-groups took place.
Carboxy-terminated poly(ethylene dodecanedioate) (PED-c) and methyl ester-terminated poly(ethylene adipate) (PED-e) were obtained by reacting 1,2-ethanediol and an excess of diacid or diester, respectively, until complete hydroxy group conversion. Poly(ethylene adipate) (PEA-ch) with both hydroxy and carboxy end-groups was synthesized using a slight diacid excess. The reaction was stopped before complete conversion. In the case of the methyl ester-terminated polyester PEA-e, -C i OO-C j H 3 end-groups are observed at 173.1 and 51.0 ppm (C i and C j , respectively). The spectrum does not display any resonance corresponding to hydroxyl end-groups (Fig. 1) . The same holds for the spectrum of the carboxy-terminated PED-c (Fig. 2) , where only -C h OOH end-groups are detected (179.5 ppm). On the other hand, resonances corresponding to both carboxy and hydroxy endgroups appear in the spectrum of PEA-ch (Fig. 3) . From this spectrum, the average functionality was found equal to 1.64 -COOH and 0.36 -OH per chain. The assignments of NMR spectra are given in Tab. 3 The presence of hydroxy-carboxy species in PEA-ch is confirmed by the MALDI-TOF MS spectrum (Fig. 4) . Sodium-cationized α-hydroxy-ω-carboxy species (L' n Na + ) are clearly identified among the signals of the α,ω-dicarboxy species (L n Na + ). The L n Na 2 + and L' n Na 2 + species observed in the spectrum arise from H + Na + exchange on one -COOH end-group during the MALDI analysis. By comparison, only dicarboxy species appear in the MS spectrum of PED-c (Fig. 5) , where no signals corresponding to α-hydroxy-ω-carboxy species are detected. The L n Na 3 + signals arise from Na + exchanges at both -COOH end-groups of a macromolecule. 
Characterization of polyesters
SEC/MALDI-TOF MS study
PEA-h, PEA-e, PEA-ch, PED-h and PED-c were fractionated on a semi-preparative SEC equipment. 70 Fractions were collected for each polymer sample, some of which were selected for absolute molar mass determination by MALDI-TOF MS. These fractions were re-injected into the SEC equipment in order to establish a calibration curve relative to their absolute molar masses. The polydispersity of the individual fractions ranged between 1.01 and 1.05. These values correspond to a narrow distribution, allowing an accurate determination of their molar mass by MALDI-TOF MS [1,2,6]. The M w values of selected fractions were taken to plot the calibration curves corresponding to each polymer. For comparison purposes, the conventional polystyrene calibration curve is also given (Fig. 7) . A linear relationship between log 10 M w and elution volume, V e , was found for each polymer. The corresponding straight lines are well below the polystyrene calibration line, showing that the latter calibration method leads to an overestimation of polyester average molar masses. Similar results were previously reported for poly(ε-caprolactone) [14] , poly(ethylene terephthalate)-poly(ε-caprolactone) [11] and poly(ethylene terephthalate)-poly(ethylene succinate) copolyesters [12] .
The molecular weights of starting polyesters obtained by the SEC/MALDI method are compared to those obtained by the polystyrene SEC calibration and from the 13 C NMR spectra in Tab. 2. The latter are much closer to the SEC/MALDI ones.
The data points relative to PEA samples are on the same straight line, irrespective of the nature of end-groups. The same holds for the PED samples (Fig. 7) . The influence of the nature of end-groups on the SEC analysis of polyesters had not been previously reported, with the exception of a study on low-molar-mass hydroxy-, carboxy-and decanoate-terminated poly(hexamethylene adipate) [13] . The hydrodynamic volume of the decanoate-terminated polyester was much smaller than the other ones. This was assigned to a better solvation of polar hydroxy and carboxy end-groups by the polar solvent (acetone) with respect to the apolar decanoate endgroups. This effect is not observed in the present case. This may be assigned to the higher polarity of CH 3 -OOC-end-groups with respect to CH 3 -(CH 2 ) 8 -COO-endgroups and also to the very low molecular weight (200 -800) of the alkyl esterterminated polyesters with respect to the present ones.
It is also worth mentioning that the PEA-based calibration curve is well above the PED-based one. A similar trend was observed between poly(butylene succinate), -adipate and -sebacate [7] . 
Conclusion
The coupling of SEC and MALDI-TOF MS techniques provides an easy way of polymer absolute molar mass determination. The results show that the conventional SEC calibration using polystyrene standards leads to an appreciable overestimation of polyester molar masses, while a better agreement is found with the number-average molar masses determined by 13 C NMR.
Interestingly, the presence of carboxy, hydroxy or methyl ester end-groups does not exert any influence on the hydrodynamic volume of the relatively low-molar-mass polyesters examined in this study.
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